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a b s t r a c t
Objectives: To compare the lifetime of Y-TZP/porcelain crowns under three different load
conditions using step-stress accelerated lifetime testing.
Methods: The Y-TZP frameworks were milled using CAD/CAM, veneered with a porcelain
and cemented onto dentine analogue dies. Specimens were divided according to the
occlusal load condition (n = 20): central fossa load (CFL), cusp tip load (CTL) and sliding
contact (SC). For CFL and CTL, the cyclic load was applied parallel to the long axis of the
preparation using a ceramic piston. For SC, the axial load was associated to 1 mm lateral
displacement at the disto-lingual cusp. Different stress profiles were used. Failures were
detected with an acoustic system. A Weibull distribution (95% confidence boundary) was
used to analyse the data, and fractographic principles were used to evaluate fractured
specimens.
Results: The acoustic monitor was able to detect the initial crack. The probability of failure
(at 300 N load and 200,000 cycles) was statistically greater for CTL (0.63; 0.44–0.81) compared
to CFL (0.23; 0.12–0.43). The Weibull modulus of CFL (2.1; 1.5–3.6) was greater than for SC
(0.7; 0.5–1.2), with no difference in the lifetime. All specimens failed by chipping, which
originated predominantly at the contact (66.7%) on CTL, and in the bulk of the porcelain on
CFL (100%) and SC (80%).
Conclusions: Contact at the cusp tip is more harmful than at the central fossa. Data from
sliding contact are less consistent than from axial contacts, but more clinically relevant.
Clinical significance: The loading condition of Y-TZP/porcelain crowns can influence on the
probability of failure and failure mode. The contact at the cusp tip is more harmful than at
the central fossa, where the stress is better distributed. Sliding contact is a better simulator
of the chewing cycle compared to axial contacts.
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Among the aesthetic ceramics available for dental restora-
tions, the bilayer system composed of yttria partially stabilised
zirconia (Y-TZP) framework and a porcelain veneer has
aroused great interest. Considering the high strength and
toughness of these restoration frameworks, chipping of the
porcelain seems to be the most common failure mode of the
system.1–5 Therefore, many laboratory studies have tried to
find possible explanations and solutions for this problem,3–9
which was reported from clinical evaluations of this restor-
ative system after 3 years (25% of chippings),10 after 3.5 years
(15% of chippings),2 after 4 years (10% of chippings),11 after 5
years (15.2% of chippings)12 and after 7 years (28% of
chippings).13
The inadequate porcelain support by the framework, due to
its non-anatomical design, was reported as one of the reasons
for the high susceptibility to chipping on the Y-TZP-based
restorations.5,9 The rationale was that occlusal load on poorly
supported porcelain could influence on the long-term success
of the restoration.
During masticatory function, molars are the most
requested elements (69% of the occlusal contacts), receiving
the greatest load (from 1.2 N to 218.4 N) and stress (35–
43 MPa).14,15 Therefore, they are the most used elements for
laboratory simulations. In normal occlusion (Angle Class I), the
mandibular first molar is contacted at the central fossa by the
mesiolingual cusp (primary support cusp) of the maxillary first
molar. This is one key contact for the system. Besides, buccal
cusp tips of the mandibular molar contact the central groove
and marginal ridges of the opposite molar, and the distal
marginal ridge is touched by the opposite cusp.16,17 These
contact points are subjected to sliding movements during
function. The primary support cusp of the maxillary first
molar travels on the lingual and distobuccal grooves of the
mandibular molar during lateral movements.17 These move-
ments can occur during the chewing cycle (physiological) or
bruxism (pathological), and have about 0.3 mm in non-bruxing
individuals (canine guide), but can reach up to 2 mm in people
with group function.18,19 The individual molar anatomy
determines the contacts during the eccentric movements,
but two regions (on the working side) are considered
important due to its high potential for contact: between the
inner incline of the maxillary buccal cusps and the outer
incline of the mandibular buccal cusps, and between the inner
inclines of the mandibular lingual cusps and the outer inclines
of the maxillary lingual cusps.8,20,21 During the chewing cycle,
the first contact after the preparatory and the crushing phases
occur in an eccentric position, followed by the sliding until the
centric occlusion.20 Such occlusal relationship needs attention
on research protocols to simulate oral service. Therefore, the
chewing cycle may be better simulated using sliding contacts.
Axial contacts at the cusp tips, central fossa and marginal
ridges also need consideration. Yet, most laboratory studies
analyse the restoration mechanical properties with a single
load at the centre of the occlusal surface.22–24
Fatigue tests seem to have special relevance to brittle
materials such as dental ceramics, which are subjected to
mechanical fatigue during function.25,26 Accelerated lifetimetests can be used to obtain faster information on structural
longevity. During these tests, specimens are subjected to
stress levels above the normal use conditions so failure will be
faster. The step-stress method allows the selection of multiple
stress profiles for each specimen, which results in either
catastrophic failures or ‘‘censored’’ values (when the failure
does not occur).27,28 For dental ceramics, the stress amplitude
remains constant during a period and then increases gradually
until the failure or survival of the specimen.29 After fracture,
fractography should be used to evaluate the fracture
surfaces,30 which allows the comparison with clinical failure
modes.2,30 Furthermore, ceramic fractures generate some
measurable features (e.g. critical flaw) on the surface, which
can be used to determine the stress at fracture or the fracture
toughness of the material.30,31
The objective of this study is to compare the lifetime of all-
ceramic crowns (Y-TZP/porcelain) using the step-stress
accelerated life method under three different load situations
and using an acoustic system to detect failure initiation,
testing the hypotheses that (1) the acoustic monitor is able to
detect the initial crack of the ceramic crowns in cyclic fatigue;
and (2) the contact location (central fossa or cusp tip) and
contact type (axial or sliding) influence the lifetime and failure
mode of all-ceramic crowns.
2. Materials and methods
Restorations (crowns) fabricated with Y-TZP framework (Vita
In Ceram YZ, Vita Zahnfabrik, Bad Sackingen, Germany) and
veneered with a feldspathic porcelain (Vita VM9, Vita
Zahnfabrik, Bad Sackingen, Germany) were evaluated using
step-stress accelerated life testing. The crowns were cemen-
ted onto dentine analogue (epoxy filled with woven glass fibres
– NEMA G10, International Paper, Hampton, SC, USA)
preparations (dies). This material has elastic and adhesive
properties similar to hydrated dentine.24 One mandibular first
molar was prepared for all-ceramic restoration6,26 and
scanned, generating a 3D model. This model was used to
design (Rhinoceros 4.0, Seattle, USA) and mill the anatomic
shaped dies (D 600, Indu´ strias Romi S.A., Sa˜o Paulo, Brazil).
The root part of the tooth was also designed using the software
and milled, aiming to simulate a more realistic situation. The
dies were embedded in polyurethane bases for testing, except
for one die that was used as the master die.
The master die was positioned in a mandibular dental
stone model, covered by a contrast powder (Cerec Optispray,
Sirona Dental Systems, Bensheim, Germany), and scanned in
the inEos Blue system (Sirona) linked to the CAD/CAM milling
unit (Cerec inLab MC XL, Sirona). The 3D image was generated
in the software and used to create the anatomic shaped
framework. The final shape of the restoration was generated
and reduced 1 mm throughout all extension, to result in the
framework. Pre-sintered Y-TZP blocks were milled and
sintered in a specific furnace (VITA Zyrcomat T, Vita
Zahnfabrik). All sintered frameworks were placed on the
master die for fitting. Porcelain was applied by one experi-
enced laboratory technician. The firing cycles recommended
by the manufacturer were used, including slow cooling rate
with the furnace closed until 600 8C for all cycles. The total
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depending on the cycle) until the furnace opening, was
approximately 9 min. The crowns were positioned in the
mandibular model, and the contacts with the adjacent and
opposite teeth (maxillary model) were checked. Any necessary
adjustment was made using abrasive burs, followed by a glaze
cycle.
All crowns were sonically cleaned with isopropyl alcohol
and cemented onto the dentine analogue dies using a resin
cement system (Panavia F, Kuraray, Okayama, Japan) contain-
ing phosphate monomer (MDP). The bonding area of the dies
was etched with 10% hydrofluoric acid for 1 min, washed in
water and air dried. Silane (Ultradent, South Jordan, USA) was
applied on the bonding area of the dies and let it dried after
3 min before air drying. The primer (ED Primer A  B, Kuraray)
was mixed and applied prior to the cementation. Luting pastes
were mixed and applied on the internal surface of the crowns
for the cementation process. The excess of cement was
removed prior to light activation (UltraLume 5, Ultradent,
South Jordan, USA; 800 mW/cm2) for 20 s from each restora-
tion surface. The cemented crowns were stored in distilled
water for 24 h and randomly divided into three groups,
according to the contact area and contact situation, based
on the masticatory function (n = 20):
- central fossa load (CFL) – cyclic load parallel to the long axis
of the preparation at the centre of the restoration (central
fossa);
- cusp tip load (CTL) – cyclic load parallel to the long axis of the
preparation at the restoration distobuccal cusp tip;
- sliding contact (SC) – the cyclic axial load was associated to a
lateral displacement of 1 mm at the inner incline of the
distolingual cusp of the restoration. The maximum load was
applied during the sliding down (cusp-to-groove segment),
simulating the chewing cycle. During the groove-to-cusp
segment, the load was 10% of the peak load. The piston was
in contact with the specimen during the entire test.
Three machines were used to perform the cyclic tests: MTS
858 Bionix System, Multi-Frame FlexTest System and Mini
Frame Test System (MTS Systems Corporation, Eden Prairie,
USA), with frequency of 2 Hz for all simulations. The tests
were performed in a water bath container under 37 8C distilled
water. The load was applied using ceramic pistons (IPS e.max
CAD, Ivoclar Vivadent, Schaan, Liechtenstein) fabricated by a
CAD/CAM system. All pistons had rounded end radii of 50 cm
and end diameters of 1.5 mm. The pistons were replaced every
four specimens, or in case of visible damage. The water bath of
the SC specimens was attached to the lateral load cell of the
MTS 858 Bionix, allowing for a controlled lateral displacement.
Specific loading conditions can be selected for each
specimen during the step-stress accelerated life test, since
all information are recorded (number of cycles, specimen
condition and profile). The constant slow, slow, moderate and
aggressive profiles were used:
- Constant slow: constant load of 200 N until the failure or
suspension;
- Slow: the test started at 200 N, and the load increased 100 N
every 2 days (345,600 cycles);- Moderate: the test started at 300 N, and the load increased
100 N every day (172,800 cycles);
- Aggressive: the test started at 300 N, and the load increased
100 N every 6 h (43,200 cycles).
An acoustic system (Song Meter SM2+, Wildlife
Acoustics, Concord, USA) was used to detect the initial
crack of the crowns. The hydrophone (commonly used to
monitor marine animals) was positioned inside the water
bath, and sound was recorded in memory cards. No special
sound filtering was used. During the tests, the sound was
analysed with the software Audacity Sound Editor (Free
Software Foundation, Boston, USA), and the exact time of
the first crack peak was recorded. The time (s) from the
beginning of the test to the peak was calculated and
converted to ‘‘number of cycles’’. Right after the initial
crack, the machine was stopped, and the specimen was
visually examined.
The number of cycles to failure or suspension, specimen
condition (failed or suspended) and load profile were used for
the lifetime calculation. A cumulative damage model with an
inverse power law (IPL) lifetime-stress relation and a Weibull
lifetime distribution were used to fit the fatigue data (ALTA Pro
7, Reliasoft, Tucson, USA). The combined IPL-Weibull model
was:
P f ¼ 1 expðKLntÞ1=m
where Pf is the probability of failure at time t, L is the load, m is
the Weibull modulus, K and n are constants used to fit the
model to the data set.
The Weibull moduli (m) from each experimental group
were compared using the Monte Carlo simulation, with 95%
confidence boundaries (CB). The contact type (axial or sliding)
and location (central fossa and cusp tip) were compared.
Fifteen fractured specimens per group were evaluated
following fractographic principles. After gold coating, they
were analysed under stereomicroscopy (Leica 0.45, Meiji
Techno, Japan) and Scanning Electron Microscopy (SEM –
ZEISS Supra 40 Scanning Electron Microscope, Jena, Germany).
The failure origin was found, and the critical flaw was
measured using the measuring tool of the SEM software.
Measurements were recorded by the same operator. The
failures were classified according to the origin as: contact
failure (at the contact point), subsurface failure (bulk of the
porcelain close to contact), and centre of chipping failure (bulk
of porcelain away from the contact). Data from the critical flaw
were inserted in the Griffith–Irwin equation for the stress at
fracture calculation31:
KIC ¼ Ys f c1=2
where Y is a geometrical factor related to the location and
geometry of the critical flaw and type of loading, sf is the stress
at fracture (MPa), ‘‘c’’ is the radius (m) of an equivalent
semicircular flaw for a semi-elliptical crack of semiminor
axis ‘‘a’’ and semimajor axis ‘‘b’’ (c = Hab), and KIC is the
fracture toughness of the porcelain (MPa m1/2) obtained by
the ‘‘single-edge-V-notched-beam’’ method (SEVNB). The sf
values were compared using 1-way ANOVA and Tukey test
(a = 0.05).
Fig. 1 – Lifetime T peak load graph comparing the contact type (CFL – axial contact at the central fossa; SC – sliding contact
sliding at the inner incline of the distolingual cusp), with 95% CB.
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The acoustic system was able to detect the initial crack for all
specimens. The sound peaks were well distinguishable for the
majority of failures (65% of the specimens from CFL, 80% of the
specimens from CTL and 75% of the specimens from SC).
External interferences such as machine noise challenged few
analyses.
The Weibull modulus (m) and 95% CB of the groups (upper–
lower limits) were 2.1 (1.5–3.6) for CFL, 1.2 (0.9–1.9) for CTL, andFig. 2 – Probability of failure T time graph for a 300 N load comp
cusp tip load) with 95% CB.0.7 (0.5–1.2) for SC. The m values for CFL and SC were
significantly different. The graph ‘‘lifetime (cycles)  peak load
(N)’’ comparing the contact type (axial – CFL; sliding – SC) with
95% CB has showed no difference for the lifetime of all groups,
independent of the peak load (Fig. 1).
The contact locations (CFL and CTL) were compared using
the ‘‘probability of failure  time (cycles)’’ graph for a
300 N load (Fig. 2). The probability of failure obtained for a
300 N load and 200,000 cycles was significantly greater
for CTL (0.63; 0.44–0.81) compared to CFL (0.23; 0.12–0.43),
with 95% CB.aring the contact locations (CFL – central fossa load; CTL –
Table 1 – Number and percentage for each failure type according to the origin: contact failure, subsurface failure, and
centre of chipping failure. Mean W standard deviation values (MPa) for the stress at fracture (sf) and statistical grouping are
also presented for the experimental groups (CFL – central fossa load; CTL – cusp tip load; SC – sliding contact).
Contact failure Subsurface failure Centre of chipping failure sf (MPa) Grouping
a
CFL 0 (0%) 2 (13.3%) 13 (86.7%) 48.2  6.45 B
CTL 10 (66.7%) 4 (26.7%) 1 (6.6%) 59.8  14.3 A
SC 3 (20%) 5 (33.3%) 7 (46.7%) 49.7  11.5 AB
a sf values followed by the same letter were not significantly different ( p  0.05, Tukey’s test).
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framework exposure. As is described in Table 1, CTL speci-
mens failures originated predominantly at the contact
(66.7%). CFL and SC failures originated predominantly at
the bulk of the porcelain, from the subsurface and the centre
of chipping. Figs. 3 (failure from the contact) and 4 (failureFig. 3 – Fracture analysis of a specimen from CTL group, showi
Fractured specimen after the test. The black arrows indicate the
After chipping displacement, the fracture surface was exposed 
identified at the top of the image. (C) Classic wake hackles indica
to left. (D) Wallner lines and wake hackles indicating the DCP f
point. (F) Higher magnification of the fracture origin. The black a
the critical flaw.from the centre of chipping) explain some fracture features,
including the origin. The mean and standard deviation values
of sf are shown in the Table 1. The mean sf value of CTL
(59.8  14.3 MPa) was statistically greater than from CFL
(48.2  6.45 MPa). The mean sf value of SC was not signifi-
cantly different from the other groups.ng the surface features and the origin at the contact. (A)
 cracked region; the chipped fragment did not dislodge. (B)
for microscopy analyses (SEM). The contact point can be
ting the direction of the crack propagation (DCP) from right
rom top to bottom. (E) Higher magnification of the contact
rrows indicate the DCP, and the dotted semicircle indicate
Fig. 4 – Fracture analysis of a specimen from CFL group, showing the features and the origin at the centre of the chipping. (A)
Fractured specimen after the test. The black arrows indicate the cracked region; the fragment did not dislodge. (B) After
chipping separation, the fracture surface was evaluated. (C) Wake and twist hackles indicating the DCP from top to bottom
(black arrow). (D) A wake hackle indicating the DCP from right/bottom to left/top (black arrow). (E) Higher magnification of
the origin. The black arrows indicate the DCP, and the dotted semicircle indicates the critical flaw.
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The present investigation evaluated the mechanical fatigue
strength of Y-TZP/porcelain crowns using the step-stress
method under different load situations. Although the method
has been used in engineering for a long time,27 it is not often
used in dental studies.8,9 One advantage of the step-stress
method is the ability of calculate the probability of failure and
reliability (the opposite than the probability of failure) by
combining specimens with different load profiles. This allows
the data comparison with a previous study,32 which estimated
a reliability of 0.91 (with 90% CB between 0.72 and 0.97) for Y-
TZP/porcelain crowns loaded at the mesiolingual cusp by a
sliding contact. This value was obtained using 100,000 cycles
at a 200 N load. Under the same conditions, the reliability of
the sliding contact specimens was 0.86 (with 95% CB between
0.69 and 0.94). Other investigations also obtained the reliability
of metal-free crowns33,34 using different parameters, and the
results varied widely (from 0.48 to 0.99).
Although the data from the sliding contact, from the
present study, agrees with the literature,32–34 the failures were
acoustically detected, which is different from the catastrophic
failures usually reported. This was possible because of the
acoustic system, which was able to detect the initial crack,
confirming the first study hypothesis. Sometimes, the cracks
became visible only after drying the specimen. This happened
for all specimens from the CFL group, where the fracture didnot start from the contact, once the area was completely
supported by the framework. The use of acoustic emission for
dental application was reported in the literature only for fast
fracture tests.35,36 One of these reports showed that metal-free
crowns loaded until catastrophic fracture presented initial
failures at significantly lower load values than final failures.36
The present study is the first to use acoustic emission to detect
restoration failure in cyclic fatigue.
Considering the contact type (axial and sliding), no
difference on the lifetime was found among the experimental
groups, partially rejecting the second study hypothesis. Yet,
the m values were significantly different, indicating greater
consistency for the axial contact data compared to the sliding
contact. The heterogeneity of the values from SC is probably
due to the greater population of defects under stress during
the sliding. This finding is supported by the failure analysis
that showed a wider range of failure types for the specimens
from the SC group than from the other groups that showed a
failure trend (contact failure was dominant for CTL and
failure at the centre of chipping was the dominant type for
CFL specimens). A previous study37 also compared the effect
of uni-axial and bi-axial loadings on glass plates bonded to
polycarbonate. The results showed that bi-axial fatigue was
more severe than uni-axial loading and were associated to
the enhanced tensile stress at the trailing edges, due to the
combination of friction and sliding, generating partial cone
cracks. Nevertheless, it would not be adequate to compare
the findings from this study with ones from the present work
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geometry. In addition, the thermal gradients and residual
stresses within the porcelain are more complex in crowns
than in plate-shaped specimens. Even with lower m value,
the chewing cycle is better simulated with the sliding
contact,20 since a purely axial contact is rarely found in a
clinical situation. The SEM analysis of CFL and SC specimens
revealed that the crack propagation was almost parallel to
the external surface of the framework, resulting in a convex
plane, independent of the origin. The crack propagation
pattern in the present study agrees with a previous report,38
where the crack propagated in preferential zones with high
tensile stress, near to the interface with the framework, but
with no exposure of the zirconia. Frameworks with low
thermal diffusivity such as Y-TZP are more susceptible to
generate tensile residual stresses in the bulk of the porcelain
after the sintering, if compared to metallic frameworks.7 This
residual stress, associated with the load application, can
result in chipping. Thermal gradients and high-magnitude
transient stresses within the porcelain during the fast
cooling of the Y-TZP system, compared to slow cooling,
can also be associated to clinical fractures involving internal
defects.39
Our study agrees with the finite element analysis of a
previous study, which tested different occlusal concepts and
suggested the number and distribution of occlusal contacts
may influence the fatigue effects.40 The contact at the cusp tip
with a ceramic rounded piston was more harmful to the Y-
TZP/porcelain crown than the contact at the central fossa,
partially confirming the second study hypothesis. During the
cyclic contact of the piston with the central fossa, the rounded
end inevitably settles on a stable position, touching the three
cusps that compose the fossa and distributing the stress.
Moreover, the porcelain of this area is totally supported by the
framework, avoiding catastrophic failures. On the other hand,
the contact on the cusp tip generated high stress at the contact
area, where most failures had the origin. The mean sf value of
this group was also greater compared to CFL, corroborating
with the probability of failure results. Although this occlusal
contact (cusp–cusp) is not beneficial to the restoration, it is
clinically feasible.
5. Conclusions
Contact at the cusp tip is more harmful than at the central
fossa of the crown. Cusp tip contact also generates higher
stress at the contact area and most failures originated from the
contact point. Data from sliding contact are less consistent
than data from axial contacts, but the sliding contact is more
clinically relevant because it simulates a contact in the
chewing cycle. The acoustic system used in the study was
able to detect, in most cases, the initial crack of ceramic
crowns during cyclic fatigue.
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